stress-induced death, whereas deep knockdown caused broad defects in stress-resistance. In vivo xenografts proved consistent with A:B-based cell sorting, and intermediate A:B enhanced tumor growth. Lamins thus impede 3D migration but also promote survival against migration-induced stresses.
INTRODUCTION
Cell motility within adult animals underlies a wide range of critical processes, including trafficking in disease and tissue repair. Cells in the periphery of a tumor, for example, crawl through surrounding tissue and extracellular matrix (ECM) to divide or metastasize into narrow vessels [1] . Multipotent stem cells in the bone marrow likewise transmigrate into blood capillaries or other tissues far from their niche and have potential roles in tissue regeneration [2] as well as cancer [3, 4] . Successful migration requires cells to survive large distortions, but the largest single organelle in every cell is typically the nucleus -which has a non-trivial mechanical response to stress [5] [6] [7] . In light of the considerable stress generated by the cytoskeleton in crawling through tissue matrix [8] [9] [10] , we hypothesized rate-limiting roles for nuclear mechanics in both 3D-migration and post-migration survival.
A-and B-type lamins are intermediate filaments (IFs) that assemble with distinct membrane binding partners into juxtaposed networks within the nuclei of nearly all adult animal cells. Average levels of lamin-A within normal solid tissues have been found recently to scale with tissue stiffness [11] , but lamin-A levels also change in disease, including cancer [12, 13] . Low lamin-A reportedly correlates with the recurrence of colon cancer [14] , whereas high lamin-A correlates with malignant carcinomas and colorectal cancer [15, 16] . With solid tissue cells studied here, lamin-A:B stoichiometry is found to govern 3D-migration in vitro, with a key role in survival and predictable effects in xenografts in vivo.
II. MATERIALS AND METHODS
Human lung carcinoma A549 and mesenchymal stem cells were purchased from ATCC and Lonza, respectively. Glioblastoma multiforme U251 cells were kind gift from Dr. Jay Dorsey. Cells were cultured in accordance with the supplier's instructions.
All siRNAs used in this study were from Dharmacon. A549 cells were passaged 24 hrs prior to transfection. A complex of siRNA (30 nM; siLMNA 1, 5'-GGUGGUGACGAUCUGGGCU-3' and siLMNA 2, 5'-AACUGGACUUCCAGAAGAACAUC-3' [17] ) and 1 µg/mL Lipofectamine 2000 was prepared per manufacturer's instructions and incubated for 24 hrs per dose for up to three doses (in high glucose DMEM with 10% FBS for A549 and U251 and in low glucose DMEM with 10% FBS for MSC).
For transwell migration assay, multi-well inserts with filters of 3 µm or 8 µm pore were purchased from BD Biosciences.
Non-obese diabetic/severe combined immunodeficient (NOD/SCID) mice with null expression of interleukin-2 receptor gamma chain (NSG mice) were produced by the Stem Cell and Xenograft Core Facility at the University of Pennsylvania, using breeders obtained from the Jackson Laboratory (Bar Harbor, ME). All animal experiments were planned and performed according to IACUC protocols.
III. RESULTS AND DISCUSSION
Knockdown of lamin-A by transient transfection of short interfering RNA (siLMNA) was followed by studies of migration. A549 cells showed a strongly biphasic dependence on relative lamin-A levels in net migration through 3 µm pores ( Fig. 1) , with the inset plot showing the same effect in terms of absolute lamin-A levels for comparison between cell types. Relative to Scr cells in the same experiment, a partial knockdown (by ~50%, denoted as siLMNA+) produced the greatest increase in 3D-migration of more than 4-fold. Knockdown had no effect on migration through 8 µm pores, which are ~7-fold larger in cross section area than the smaller pores. Overexpression of lamin-A strongly impeded migration of A549 cells, and followed the same linear trend in migration established with partial knockdown: migration was suppressed by 90% with just ~10% more lamin-A. Between partial knockdown of lamin-A and moderately overexpressing cells, the net migration of A549 cells spans a 50-fold range, indicating a strong functional dependence.
Compared to wildtype and scrambled siRNA-treated control cells, tumors with partial LMNA knockdown cells grew more rapidly (Fig. 2) . Importantly, the rates at which tumors doubled in size were significantly higher within the first week (up to 3-fold) for knockdown tumors compared to controls. In vivo growth rates of knockdown and wildtype A549 grafts become similar with time, consistent with recovery from the knockdown. Although a transient knockdown produced a transient bulk tumor response, the in vivo results provide a measure of the advantage in tumor propagation for more flexible nuclei. Fig. 1 Lamin-A dependence of net cell migration through 3 µm filter membrane.
Fig. 2
Xenografts with transient lamin-A knockdown grow faster initially.
